ABSTRACT The purpose of this study was to validate a two-dimensional range-gated Doppler echocardiographic method for measurement of pulmonary and systemic blood flow in a canine model with a surgically created extracardiac systemic-to-pulmonary shunt, the size of which could be varied.
the presence of large intracardiac shunts in animal models.'" Our purpose was to assess the accuracy of systemic and pulmonary flows measured with a quantitative two-dimensional range-gated Doppler flowmeter in an open-chest canine model with a variable-sized, surgically created, extracardiac aortic-topulmonary shunt.
Methods
Surgical technique and animal model. Seven mongrel dogs weighing 20 to 30 kg were anesthetized with pentobarbital sodium (30 mg/kg), intubated, and ventilated with a standard volume pump. A median stemotomy was performed and the pericardium was opened. The ascending aorta and the main pulmonary artery were dissected, cleaned of fat and adventitia, and a previously calibrated electromagnetic (EM) flowmeter probe of appropriate size (Gould-Statham SP2204) was placed around the ascending aorta 2 cm above the aortic valve. Adequate contact of the flowmeter cuff was verified by recording phasic aortic flow tracings.
In five dogs, the right femoral artery was dissected, cannulated, and connected to a roller pump by 3/8 inch tubing. The return end of the roller pump tubing was attached to a cannula inserted and fixed into the main pulmonary artery through a purse-string suture (figure 1). The roller pump had been previously calibrated by measurement offlow rates with a stopwatch and a graduated cylinder. In this model with intact atrial and ventricular septa, pulmonary blood flow was measured as the flow from the ascending aorta by the EM flowmeter reading; left-to-right shunt volume was the measured flow through the roller pump, and systemic blood flow was equal to the flow from the ascending aorta as determined by the EM flowmeter minus the roller pump volume.
In an additional two dogs, a 16 mm diameter, 12 cm long Gortex shunt was sewn between the descending aorta and the main pulmonary artery within the thorax to simulate more closely a ductus arteriosus or the surgically created, palliative, systemic-to-pulmonary artery shunts used clinically. An EM flowmeter probe was placed around the ascending aorta as described above, and another one was placed snugly around the Gortex tubing close to the pulmonary-arterial end. Selective constriction of the tubing at the aortic end allowed variations of shunt size. As before, pulmonary blood flow equaled flow from the ascending aorta as determined by EM flowmeter values; left-toright shunt volume was measured by the flowmeter probe at the Gortex shunt, and systemic flow was determined by pulmonary blood flow minus left-to-right shunt flow.
Continuous EM flowmeter recordings were obtained throughout the study for comparison with Doppler-determined flows. After each step-by-step change in shunt size, achieved by an alteration of pump setting or by degree of Gortex-shunt constriction, a stabilization period of 2 min was allowed and constancy of EM flowmeter readings was observed before any Doppler echocardiographic recordings were made. Doppler measurements of pulmonary and systemic flow were performed as described below for each shunt size, and were matched to ,each other, to the simultaneous EM flowmeter measurements, and to the roller pump settings to permit calculation of pulmonary/systemic ratios (QP:QS) by achieve real-time two-dimensional echocardiographic imaging at 30 frames/sec. The scanner can be stopped along any line within the image and a Doppler sample volume can be positioned at any depth along that line; this permits localization of the sample volume and estimation of the angle between the direction of Doppler sampling and the direction of flow within the plane of imaging. The sampling angle relative to the direction of the flow within the elevational or azimuthal plane, that is, the plane perpendicular to the plane of imaging, could not be determined; however, small deviations from sampling exactly parallel to flow (angles = 0 or 180 degrees) were of no practical importance, since the cosine of the sampling angle would still be close to unity (see formula 1). (where cos 0 = angle between the direction of Doppler sampling and the direction of blood flow. Correction for cos 0, however, was not applied automatically by the unit; rather, it was done manually in formula 2, which calculates volume flow as described below.)
Measurements of blood flow volumes. Pulmonary and systemic blood flow volumes were calculated from the two-dimensional echocardiographic images and the flow-velocity curves with the general formula:
Blood flow/min = mean flow velocity x cross-sectional area x 60 sec/min (2) cos 0
(velocity throughout the cardiac cycle uncorrected for angle is in centimeters per sec and cross-sectional area is in square centimeters).
The sampling angle 0, that is, the angle of incidence between direction of flow and the Doppler sample volume, was determined manually with a protractor directly from the freeze frame of the two-dimensional echocardiographic image, which showed the sample-volume position relative to the imaged cardiac structures (figure 2). Correction for angle 0 was applied manually in formula 2 rather than in formula 1.
Calculation of systemic flow by Doppler echocardiography. Systemic flow was measured as systemic venous return at the right ventricular outflow tract. We obtained a two-dimensional echocardiographic image of the right ventricular outflow tract by positioning the transducer over the right ventricular body, aiming superiorly in a short-axis plane (figure 2). The Doppler sample volume was positioned within the outflow tract, below the pulmonic valve, as parallel as possible to the assumed direction of flow as determined by visual examination within the plane being imaged. Once the optimal two-dimensional echocardiographic image and Doppler flow curves were obtained and the sample volume was confirmed to be as parallel as possible to the assumed direction of flow (angle 0 = 0 degrees), a still frame of the two-dimensional echocardiographic image and the fast Fourier output of the Doppler frequency shift were recorded on a strip chart at a paper speed of 100 mm/sec and on video tape (figure 2 ler waveform over three complete cardiac cycles with a Numonics minicomputer (see below). The cross-sectional area of the right ventricular outflow tract was derived from the maximal systolic inner diameter of the outflow tract in a direction parallel to the plane of the pulmonic valve and at a point just proximal to it. The measurement was not corrected for variation of right ventricular outflow tract size during the cardiac cycle.
Calculation of pulmonary flows by Doppler echocardiography. The pulmonary artery could be imaged, but pulmonary flows could not be quantitated within the main pulmonary artery because the left-to-right shunt that occurred in this area caused spectral broadening of the Doppler flow signals, multidirectional flows, and velocities above the Nyquist limit; this precluded pulmonary artery flow measurement by the Doppler technique. In other sites within the pulmonary artery, a bidirectional pattern with reverse shunt flow toward the pulmonary valv'e was obtained; however, it was unclear over which flow area of the pulmonary artery this flow pattern would be integrated ( figure 3 ). This pulmonary flow pattern closely mimicked patterns found in children with patent ductus arteriosus. Pulmonary flow determined by Doppler echocardiography was therefore measured as pulmonary venous return, that is, flow through the mitral valve orifice.
We calculated transmitral flow by placing the transducer at the cardiac apex and by echocardiographic imaging in a fourchamber view. The Doppler sample volume was placed within the left ventricular inflow tract distal to the mitral valve leaflets and lateral to the outflow tract. Once the optimal two-dimensional echocardiographic image and Doppler wave curves were obtained, they were recorded on a strip chart at a paper speed of 100 mm/sec and on video tape (figure 4). The Doppler flow curves obtained from the mitral valve were digitized and integrated with the minicomputer to calculate the mean temporal flow velocity in the mitral valve (see below).
We obtained flow area of the mitral valve by positioning the transducer over the atrioventricular ring and scanning in a shortaxis plane. A gated stop frame of the maximal diastolic mitral valve orifice on a two-dimensional echocardiographic image was recorded. Maximal orifice area was digitized along the inner contours of the two-dimensional echocardiographic image of the mitral leaflet. Since the mitral valve is not maximally opened during the entire diastolic time, a correction factor for the phasic diastolic movement of the valve was calculated as the mean-to-maximal leaflet separation from the derived M mode tracing. The maximal two-dimensional echocardiographic image of the mitral valve orifice was multiplied by the mean-tomaximal leaflet separation ratio to arrive at the effective mitral valve orifice throughout the entire period of diastole.4, 11 Digitizing methods: calculation of mean temporal flow. The mean flow velocities as a function of time for the right ventricular outflow tract and mitral valve were obtained by digitization and integration of the area under the Doppler flow velocity curves over three consecutive RR interval-matched beats. To accomplish this, the middle of the densest portion of the gray scale spectral display of the Doppler velocity curves was traced (this is the modal velocity shift that is most frequently present in the returning signal). The minicomputer divided the velocity-time integral for the three complete beats by the time of the three beats to obtain mean right ventricular outflow tract flow velocity or mitral flow velocity as a function of time.
Diastolic flow velocities above the zero line for the right ventricular outflow tract and systolic flow velocities below the zero line for the mitral traces were minimized by changes in transducer position and sample-volume sizes. These flow patterns, which potentially represent reverse flow when present, were neglected when the curves were traced; that is, curves were traced only down to the zero lines in systole for mitral valve and in diastole for the outflow tract. All curves used for comparison of pulmonary blood flow and systemic blood flow were obtained at equivalent heart rates. As a measure of the presence or absence of turbulence, spectral width of the Doppler curves (cm/sec) were measured with the minicomputer at the time of peak flow, in systole or diastole.
The measurement included the width of the gray scale spectrum at peak flow and was cross-checked against a quantized log spectral display that allocates the darkest gray scale to the entire range of velocity present within ± 6 dB of the spectral mean ( figure 5) to test reproducibility was less than 5% when duplicate measurements by one observer on a given record were compared. Further, interobserver variability was also less than 5%. either Doppler echocardiography or by the EM flowmeter, since the aorta also carries shunt flow later diverted into the pulmonary circulation. Therefore, systemic blood flow in our model was calculated by Doppler echocardiography as systemic venous return in the right ventricular outflow tract proximal to the pulmonary valve. At this site, peak flow velocities were never above the Nyquist limit, and no increase in spectral width was encountered, which indicates no significant turbulence. The measurement of the right ventricular outflow tract was obtained on two-dimensional echocardiographic images at a level just proximal to the pulmonary valve, because that is the area above the crista that has little variation in size throughout the cardiac cycle and is where the walls can be easily defined. The mitral valve orifice method that we used in this study has the advantage of providing a two-dimensional echocardiographic image from which we can measure cross-sectional flow area directly by planimetry, instead of having to calculate it by squaring a diameter measurement. It has proved to be highly accurate in our previous studies, both in humans and animals who have intact circulation,4 as well as for an estimation of pulmonary blood flow in the presence of shunts at the ventricular level.'I 13 The two models used in our study enabled us to obtain variable and measurable shunt magnitudes in experimental animals and closely simulated ascending aortic and main pulmonary flow patterns of a patent ductus or other systemic arterial-to-pulmonary arterial shunts encountered in the clinical setting. Doppler tracings obtained in both models were identical and also very similar to those obtained in patients with patent ductus arteriosus.
We have recently completed a pilot study to assess the capability of the Doppler echocardiographic method to measure QP:QS ratios in children with isolated patent ductus arteriosus. We studied 11 patients, ages 3 to 37 months, with isolated patent ductus arteriosus. QP:QS determinations were performed by indicatordilution techniques"5 in the cardiac catheterization laboratory and the results were compared with simultaneously obtained Doppler echocardiographic measurements. In this small group of patients, an encouraging result was obtained in that Doppler QP:QS determinations correlated well with dye-curve QP:QS measurements (r = .89; SEE = 0. 3:1). Neither cardiac motion with reference to the chest wall nor distortion of the ultrasound energy that passed through the chest wall prevented us from obtaining good Doppler echocardiographic studies in these young children 444 or clear images of the right ventricular outflow tract and mitral valve flow areas. Nonetheless, in older patients, echocardiographic imaging of the right ventricular outflow tract may prove difficult; the technique may also prove to have limited applicability in very young infants and premature babies in whom large ductal shunts are often accompanied by left-to-right shunting at the foramen ovale, which precludes the use of mitral flow as a measure of total pulmonary flow.
In conclusion, our study demonstrates that extracardiac left-to-right shunts can be quantitated accurately by the two-dimensional Doppler echocardiographic method described in this open-chest animal model. Our initial pilot studies in young children suggest that in patients with isolated patent ductus arteriosus and no other intracardiac shunts, the technique may prove clinically useful as a measurement of the overall magnitude of the left-to-right shunting.
